To determine whether insulin secretion is affected by a blockage of gap junctions between B cells, we have studied the secretion of rat pancreatic islets of Langerhans, primary dispersed islet cells, and cells of the RINm5F line, during shortterm exposure to heptanol. Within minutes, this alkanol blocked gap junctions between the B cells of intact islets and abolished their normal secretory response to glucose. These two changes were rapidly and fully reversible after return of the islets to control medium. We further found that heptanol had no significant effect on the glucose-stimulated secretion of single B cells but inhibited that of B cell pairs. In the clone of RINm5F cells, whose junctional coupling and D-glyceraldehyde-induced stimulation of insulin release by aggregated cells were also inhibited by heptanol, this alkanol did not perturb intracellular pH and Ca2+ and the most distal steps of the secretion pathway. In summary, a gap junction blocker affected the secretion of insulin-producing cells by a mechanism which is dependent on cell contact and is not associated with detectable pleiotropic perturbations of the cell secretory machinery. The data provide evidence for the involvement of junctional coupling in the control of insulin secretion. (J. Clin.
Introduction
The B cells of the endocrine pancreas are connected by gap junctions (1), the membrane specializations thought to provide channels for direct cell-to-cell communications, i.e., for the cytoplasm-to-cytoplasm exchange ofions and molecules of < -900 daltons (2, 3). Two lines of evidence indicate that these communications, an event also referred to as junctional coupling, may participate in the control of insulin secretion. First, gap junctions and coupling increase between B cells during sustained stimulation of insulin secretion (4, 5) . Secondly, isolated (uncoupled) B cells show impaired secretion that is corrected, at least partially, after reaggregation and reestablishment of gap junctions (4, 6) .
As yet, however, the critical evidence that changes in insulin secretion occur during a rapid and reversible modulation of gap junction permeability has not been provided. To address Preparation of islets ofLangerhans and insulin-producing cells. Intact islets of Langerhans were isolated by enzymatic digestion and Ficoll purification from the splenic pancreas of adult (250-350 g body wt) male Sprague-Dawley rats (8) .
To prepare primary cells, isolated islets were first incubated for 15 min at room temperature in a Ca2'-free Krebs-Ringer buffer bicarbonate (KRB) and then dispersed by repeated aspiration through a series ofsyringe needles, as described in Salomon and Meda (8) . After a 3-min incubation in a spinner flask containing a Ca2+-free medium supplemented with 0.1% trypsin (1:250; Difco Laboratories, Inc., Detroit, MI), the cells were centrifuged in sterile RPMI1640 medium (Gibco Laboratories, Grand Island, NY) supplemented with 10% fetal calfserum, plated on bacteriological culture dishes, and kept overnight at 37'C in a air/CO2 incubator (8) .
RIN cells (9) were obtained by mild trypsinization ofcultures ofthe m5F clone (10) that were passaged once every 5 d and also subcultured on RPMI 1640 medium supplemented with 10% fetal calf serum. Dye coupling studies. Junctional coupling of primary B cells was determined by injecting Lucifer Yellow into individual cells located deeply within the isolated islets (I 1, 12). Injections were performed on the heated (37'C) stage of a UEM microscope (Carl Zeiss, Inc., Oberkochen, FRG) using glass electrodes (-150 MQ) that were filled with a 4% solution of Lucifer yellow in I M lithium chloride, buffered to pH 7.2 with 10 mM Hepes. The tracer was injected iontophoretically and under continuous electrophysiological control, as reported (13, 14) . At the end of each injection, the islets were photographed and then fixed in 4% paraformaldehyde in phosphate-buffered saline for subsequent embedding in Epon and serial sectioning (1 1, 12) . Evaluation of coupling was restricted to B cells that were identified by immunostaining with an antiinsulin serum and/or by their location in the deep regions of the islets (I 1, 12). Coupling extent was evaluated by measuring the area of Lucifer yellow diffusion on photographs of the intact islets (1 1, 13) and by scoring the number of B cells labeled by the tracer on sections that were cut serially throughout the microinjected islets (11, 12) .
Junctional coupling of RINm5F cells (passages 107-110) was determined in a similar manner by injecting individual cells within monolayer clusters of 3-4-d-old cultures. For these experiments, 2.5 X 104 cells per ml were plated initially. The number of cells labeled by Lucifer yellow was determined on photographs of the intact clusters, which were taken immediately after each injection.
Insulin secretion studies. For measurement of insulin secretion, batches of 10 freshly isolated islets were preincubated 15 min at 37'C in KRB containing 12.5 mM Hepes, 0.5% bovine serum albumin, and 2.8 mM glucose (control KRB) and, then, incubated in 1 ml ofcontrol added directly to the medium in which it was mixed by a 3-min sonication. At the end of the 15-min incubation at 370C, aliquots of the medium were removed and rapidly frozen for measurement of secreted insulin. The islets were then thoroughly rinsed in control KRB, extracted for 24 h at 40C in 1 ml of acid-ethanol and the extract was stored frozen to assess insulin content. To assess the reversibility of the heptanol effects, the islets were first incubated in the presence ofthe alcohol asjust described, then rinsed repeatedly, and finally incubated again in a test medium devoid of heptanol for 15 min. Immunoreactive insulin of media and extracts was measured using a radioimmunoassay with a charcoal separation step. Values of secreted insulin were expressed both as absolute insulin concentrations and as percentage of the initial insulin content of the B cells (6, 1 1) .
The insulin secretion of primary dispersed islet cells was studied using a reverse hemolytic plaque assay. To this end, the cells were mixed with 4% (vol/vol) packed sheep red blood cells coated with protein A and introduced with control KRB into poly-L-lysine-coated glass chambers, as described (8) . After cell attachment, each chamber was thoroughly rinsed and then filled with control KRB supplemented with a heat-inactivated polyclonal antibody against insulin (Dr. P. H.
Wright, Indiana University School of Medicine, Indianapolis, IN) diluted 1:50, and containing either 2.8 or 16.7 mM glucose with or without 0.5 mM heptanol. After a 30-min incubation at 370C, the chambers were rinsed, filled with control KRB supplemented with 1:10 guinea pig complement (Behring Institut, Marburg, FRG), and incubated 60 min at 370C. The chambers were then filled with a 0.2% solution oftrypan blue and incubated for 10 min at 370C. At the end of this last incubation, they were rinsed again and finally fixed in Bouin's solution (8) . Insulin-containing B cells were identified by immunostaining with the same antibodies used for the secretion test, now diluted 1:200, as described (8, 15) . Six experiments (100-200 insulinimmunostained and trypan blue-negative single B cells and B cell pairs were scored per condition and per experiment) were performed to evaluate the percentage of B cells that formed a hemolytic plaque and the individual areas of all these plaques, two parameters that indicate the proportion of secreting cells and give a relative estimate of their individual output, respectively (8, (15) (16) (17) . From these data, we calculated the total plaque development per B cell aggregate and the average total plaque development per B cell, as described in (8, 15 
Results
B cell coupling. Fig. 1 shows the appearance of pancreatic rat islets microinjected with Lucifer yellow in their core, a region formed almost exclusively by insulin-producing B cells. In control islets, most microinjections led to the intercellular exchange of Lucifer yellow, indicating the frequent coupling of B cells (Fig. 1, A and B). Characteristically, coupling was spatially restricted, the average number of communicating B cells being 3.4±0.2 for the 46 injections (all experimental groups pooled) that revealed coupling in this study. By contrast, in islets incubated in the presence of heptanol, most injections led to the retention of Lucifer yellow within the injected cell, indicating uncoupling (Fig. 1 , C and D) of the insulin-containing B cells (Fig. 1 E) . This uncoupling was confirmed by a quantitative analysis in control and heptanol-exposed islets. As shown in Table I , heptanol significantly (P < 0.001) decreased the extent of dye diffusion and the number of B cells labeled by the dye after each injection. The alcohol also markedly increased the proportion of B cells that appeared uncoupled, as judged by their inability to exchange Lucifer yellow with their neighbors. These changes were all reversible within 15 min after the removal of heptanol. At this time, B cell coupling was similar in islets that had been exposed to heptanol and then returned to a control medium (heptanol reversibility group) and in control islets that had not been exposed to the uncoupling agent (Table I) . Insulin secretion ofprimary B cells. The insulin secretion of control and heptanol-exposed intact islets is shown both as absolute insulin output (Table II) and as percentage of the initial content of the B cells (Fig. 2) Fig. 2 A) . These two changes were fully reversible within 15 min after removal of the alcohol and return of the islets to a control medium (Table II and Fig. 2 B) . Separate experiments showed a similar inhibition of secretagogue-induced release from isolated islets incubated for 15 min in the presence of a much lower concentration (0.5 mM) of heptanol (Table II) . Under the latter conditions, the islet output expressed as percentage of insulin content, represented 46.7% and 54.4% of the corresponding control value in the presence of 16.7 mM glucose and 16.7 mM glucose plus 1 mM IBMX, respectively (not shown).
To assess whether the loss of B cell responsiveness to glucose could be due to the heptanol-induced B cell uncoupling, we further compared the effects of heptanol on the secretion of single (uncoupled) B cells and of B cell pairs, the smallest assemblies in which B cells can share gap junctions.2 Using a hemolytic plaque assay (Figs. 3 and 4) , we found that, after a 2. Dual patch-clamp whole-cell recording and dye microinjection have indeed revealed the presence ofjunctional channels in some but not all pairs of B cells (19, 20) . The incidence of coupling in these small aggregates is consistent with the spatially restricted dye and electrical coupling observed within intact islets (4, 11, 12, 30 1,368±117 Am2 (Table III) . These values were significantly (P < 0.001) lower than those evaluated for B cell pairs (Table III) . As a result, total plaque development (the product of the proportion of plaque-forming cells by the area of individual hemolytic plaques) of B cell pairs was three-to fourfold higher (P < 0.001) than that ofsingle B cells (Fig. 4 A) . Correcting for the different numbers of B cells that account for this higher figure, , total plaque development was 3.1 times higher (P < 0.001) for B cell pairs (2059±197 AMm2, n = 6) than for single B cells (661±72 AMm2, n = 6). Addition of heptanol (solid columns) did not modify significantly the total plaque development of single B cells (488±43 AMm2, n = 6) but markedly decreased (P < 0.02) that of B cell pairs (1213±251 AMm2, n = 6). (B) Expression of these data on a per cell basis resulted in a total plaque development which, under control conditions (open columns), was higher (P < 0.01) for a B cell within a pair (1,029±99 Am2, n = 6) than for a single B cell (661±72 AMm2, n = 6). As the size of a hemolytic plaque is a function of the amount of hormone secreted, these data indicate that the average output of control individual B cells was about twice as high when a B cell was part of a pair than when it occurred as a single cell. This difference was no more evident in the presence of heptanol (solid columns), owing to a significant reduction (P < 0.02) of plaque development estimated for the individual B cells that formed pairs (606±125 AMm2, n = 6).
we found that total plaque development per cell (the ratio of total plaque development by the number of B cells) was, in average, about twice as large (P < 0.01) for B cell pairs than for single B cells (Fig. 4 B) . Addition of 0.5 mM heptanol did not affect significantly the proportion of single B cells that were glucose-responsive and the area of the hemolytic plaques they formed (Table III) . By contrast, these parameters were significantly (P < 0.02-0.05) reduced in B cell pairs (Table III) , leading to a marked reduction (P < 0.02) of total plaque development (Fig. 4 A) . As a result, even though this parameter was still significantly (P < 0.02) higher for B cell pairs than for single B cells (Fig. 4 A) , total plaque development per cell was now similar whether B cells were part of pairs or occurred as single units (Fig. 4 B) . Comparable results were obtained in the presence of 3.5 mM heptanol, even though in the presence of this alkanol concentration, the proportion of single B cells stained by trypan blue was increased (not shown). Coupling and secretion ofRINm5F cells. To assess further whether heptanol had pleiotropic, nonspecific effects on various steps of the secretory machinery, we used the RINm5F line which is a convenience source of well-characterized insulin-secreting cells.
Under control conditions, microinjection experiments revealed that 54% of the RIN cells exchanged Lucifer yellow with a limited number (1.7±0.1) of companion cells. As with primary B cells, the percentage was significantly (P < 0.015) reduced after a few minutes ofexposure to 3.5 mM heptanol, a condition under which about 61% of RIN cells were dye uncoupled ( Fig. 5 and Table IV) . RIN cells recovered a control level of dye coupling shortly after heptanol was removed and the cultures were returned to control medium (Table IV) . In terms of insulin secretion, RIN cells, as primary B cells, responded more to secretagogue stimulation when they were aggregated than when they were single (uncoupled). In the presence of D-glyceraldehyde,4 the increment above basal secretion was 4.2-and 1.9-fold in these two groups, respectively (Table V and Fig. 6 ). Furthermore, again as with primary B cells, heptanol markedly inhibited (P < 0.01) the secreta-gogue-stimulated secretion of aggregated RIN cells, but had no significant effect on the corresponding secretion of single RIN cells (Table V and Fig. 6 ).
To assess whether heptanol perturbed the most distal steps of secretion, single RINm5F cells were electropermeabilized and then assessed for insulin release in the presence of different Ca2+ concentrations. In this system, an increase in Ca2+ concentration from 10-7 to 10-5 M, elicited a three-to sevenfold increase (P < 0.01) in insulin release (Table V and Fig. 7) . Addition of 3.5 mM heptanol did not modify the basal insulin release observed in the presence of 10-7 M Ca2+ nor did it 
In the experiments on intact single cells, each tube contained 500,000 cells; in the experiments on intact aggregated cells, each dish contained about 2,500,000 cells; in the experiments on electropermeabilized cells, each tube contained 1,000,000 cells. The corresponding insulin contents (mean±SEM) were 362±13.4 ng/tube (n = 60), 1979±59 ng/dish (n = 60) and 215±14 ng/tube (n = 36), respectively. * P < 0.005, * P I~- affect the increased insulin output induced by l0-`M Ca2+ (Table V and Fig. 7 ).
Cytosolic Ca2`and pH. As shown in Fig. 7 (Fig. 8, upper panel) . In the presence of heptanol, these two parameters were 146±5 nM (n = 5) and 99±30 nM (n = 5), respectively. Heptanol also did not alter basal intracellular pH (pHi) in RINm5F cells loaded with BCECF (7.11±0.03, n = 4) and did not modify the decrease in pHi (0.09±0.01, n = 5) induced by D-glyceraldehyde (Fig. 8, lower panel) . In the presence of heptanol, these two parameters were 7.12±0.02 (n = 4) and 0.10±0.001 (n = 5), respectively. Similarly, heptanol did not alter the increase in pHi normally induced by NH4Cl (Fig. 8) . 
Discussion
We have shown here that a long-chain alkanol that blocks gap junctions in several systems (7, 13, 14, (22) (23) (24) , also uncouples B cells within intact pancreatic islets and affects in parallel their insulin secretion. Most strikingly, uncoupling concentrations of heptanol abolished within minutes the normal increase in insulin secretion caused by glucose. Both the coupling and the secretion changes were fully reversible within minutes after removal of heptanol and, thus, cannot be easily accounted for by a major toxic effect of the alcohol on B cells. Rather, the magnitude of these changes and their reversibility suggest that heptanol acts with some selectivity on one or more step(s) of the B cell secretory pathway that is (are) critical for a proper insulin secretion. The obvious importance of unraveling the mechanism(s) whereby B cells may be, or become unresponsive to glucose under certain conditions (6, 8, 15, 25, 26) , led us to further investigate the rapid, marked, and fully reversible glucose unresponsiveness induced by heptanol. We first found that the heptanol effect was dependent on cell contact. Thus, in the presence of the alcohol, glucose-stimulated insulin secretion was not significantly modified in single B cells, but was markedly inhibited in B cell aggregates. The latter inhibition was already evident in pairs, the smallest assemblies in which two B cells can interact directly via gap junctions (19, 20 (13, 14, 24, 31) . In this gland, that differs markedly from the islets of Langerhans in several respects, including the composition and amount of gap junctions, the resting organization ofintercellular communications and their modulation during secretagogue challenge (32), heptanol causes a rapid, marked and fully reversible increase in amylase secretion (13, 14, 24) . Although the reason(s) for this opposite behavior remain(s) to be elucidated, the different secretory change of endocrine and exocrine cells uncoupled by heptanol argues further against a generalized, nonspecific cell perturbation induced by the alkanol. Rather, the data imply a more subtle, tissue-specific effect of this agent, likely related to the inhibition of the gap junction-mediated cell-to-cell communications it causes.
